We propose a nonparametric model for global cost minimization as a framework for optimal allocation of a firm's output target across multiple locations, taking account of differences in input prices and technologies across locations. This should be useful for firms planning production sites within a country and for foreign direct investment decisions by multi-national firms. Two illustrative examples are included. The first example considers the production location decision of a manufacturing firm across a number of adjacent states of the US. In the other example, we consider the optimal allocation of US and Canadian automobile manufacturers across the two countries.
Introduction
In the typical neoclassical optimization model of a cost-minimizing firm, input prices are treated as parameters, not subject to choice by the firm. Competitive price taking behavior in the input market is at the core of neoclassical duality theory. For example, the classic survey paper by Diewert (1982) deals primarily with competitive markets and considerations of non-competitive approaches to microeconomic theory and duality feature more like an afterthought. The decision making problem consists of selecting the input bundle that would produce the target output (bundle) at the least cost,
given the applicable prices of inputs. The firm has the ability to set prices of inputs only if the input market is non-competitive. However, in such markets, the degree of monopsonistic power is limited by the elasticity of the input supply.
Even when input markets are competitive, input prices may vary across locations (like countries or regions within a country) although they are given at any particular location. Such variations in prices may occur due to lack of mobility of inputs. A firm effectively chooses between the input price vectors by producing its output at one location or another.
1 However, if the firm produces all or part of its output in any particular location, it must use inputs purchased locally at prices applicable in that location. There are many real life situations that fit this description. A multi-national company takes the local input prices (especially for labor and real estate) as an important factor while deciding to make foreign direct investment in a given country. Output produced in some other country must be from inputs purchased there at that country's prices. 2 Likewise, within a given country, a firm decides to locate its production facilities in one state or another based on the cost-competitiveness of the different states.
1 In a related context, Tone (2002) considers the case where input prices vary across firms. He constructs a production possibility set using the actual input costs of the different firms at these prices as a measure of an aggregate input. As argued by Banker et al. (2007) this would lead to a valid measure of efficiency only if all firms were allocatively efficient. It should be noted that this indirectly constructed production possibility set will obviously be price dependent and would differ from the technology obtained from the free disposal convex hull of actual inputs and outputs.
In the context of multi-national choice of locations another pertinent consideration is the difference in technology across countries. Such technological diversity arises due to differences in the physical and legal environment across countries.
In this paper we utilize the nonparametric method of Data Envelopment Analysis (DEA) and introduce a model that allows the firm to choose the prices it pays for the inputs while at the same time treats the input prices as parameters. In the proposed setup a firm is allowed to locate its production facilities at multiple locations in light of input price differences. By contrast, the standard model is one where a specific location (and input price vector) is pre-specified 3 . We develop a global measure of cost efficiency, one component of which is the firm's location or input price efficiency. We then generalize the model further to accommodate technological heterogeneity across countries. This permits us to decompose the location efficiency of the firm into two distinct components representing technology choice and input price efficiency. The proposed methodology should be useful for firms planning production sites within a country and for foreign direct investment decisions by multi-national firms. We then provide two examples to illustrate the application of our proposed methodology. The first example considers location choice when technology is homogeneous but input prices vary across locations.
For this we consider the choice of production location(s) by a US manufacturing firm across a number of adjacent states of the US. In the second example, both the technology and input prices vary across the potential locations. Here we assess the potential for cost saving by US or Canadian auto makers by distributing the output target across both countries.
The paper unfolds as follows. Section 2 provides the methodological background and develops the proposed models for measuring global cost efficiency. Section 3 further generalizes the model to allow for technological variation across countries. Section 4 contains the two illustrative examples. Section 5 concludes.
3 See for example, Ray (2004) .
The Nonparametric Methodology
Consider an industry producing m outputs from n inputs. An input-output bundle is considered feasible when the output bundle y can be produced from the input bundle x. The technology faced by the firms in the industry can be described by the production possibility set (x, y) : y can be produced from x}.
(1)
The method of Data Envelopment Analysis introduced by Charnes, Cooper, and Rhodes (1978) and further extended to non-constant returns to scale technologies by Banker, Charnes, and Cooper (1984) provides a way to construct the production possibility set from an observed data set of input-output bundles.
Suppose that (x j , y j ) is the input-output bundle observed for firm j (j = 1,2,…, N) .
Then the smallest production possibility set satisfying the assumptions of convexity and free disposability that includes these observed bundles is
One can obtain various measures of efficiency of a firm using the set S as the reference technology. If the output-bundle of the firm is treated as an assigned task, efficiency lies in producing the target output bundle y 0 at the minimum cost. For the specific output bundle y 0 , we define the input (requirement) set as
An input requirement set that corresponds to S defined in (2) would be
Suppose that the firm faced the input price vector w 0 . Then its actual cost is However, the minimum cost of producing the target output is
Here, the choice variable is the input vector x. The standard DEA model for cost 
Input Price Variation and Location Efficiency
In the foregoing analysis it was assumed that the firm faces a specific vector of input prices and any input it uses to produce its output must be purchased at these prices.
We now consider a situation where input prices vary across locations, even though they are fixed at any given location. The firm can take advantage of the input prices in a given location by producing all or part of its output at that location. In this model the firm can choose to produce its total output at multiple locations if it wants but cannot create its own input price vector by "cherry picking" individual inputs from different locations.
Any output produced at a given location must be produced only from inputs procured locally at the applicable prices.
Suppose that the firm can produce some or all of its output in one or more of R 
Homogeneous Technology
If we assume that the firm can access the same production technology in all locations,
Define the matrix of input prices from the different locations
Then the multi-location minimum cost function can be evaluated as 
The vector y r is the output bundle produced at location r and x r is the corresponding input bundle used there. The binary variable (B r ) indicates whether the firm produces any output at all in location r. Note that the firm does not have to produce at every location. When location r is not selected, both y r and x r would be null vectors. is constrained to be the same across all locations then a comparison of the optimal solutions of (6) and (10) would reveal whether is greater than , where . This is a test of sub-additivity of the cost function (Baumol, Panzar, and Willig, 1982) . 
The expression in (11) can be further decomposed as
The first factor on the right hand side of (12) is the conventional cost efficiency measure which we may describe as the local cost efficiency. The second factor is its location efficiency
Note that location efficiency in (13) depends on the firm's ability to take advantage of the input price variation across locations (shown by the matrix W in the numerator). In that sense, it can also be viewed as its input price efficiency. A firm's location efficiency equals unity only when producing its entire output at its current location leads to the minimum cost. In that case the global and local measures of cost efficiency would be identical.
The Case of Heterogeneous Technologies
We have so far assumed that the firm has access to the same technology irrespective of where it locates its production facilities. This is not an unreasonable assumption in the context of a firm choosing between locations across different states within the same country. For example, the production possibility sets will differ little between two General Motors auto assembly plants -one in Arlington, TX and the other in Pontiac, MI. But this is unlikely to be the case when comparing two plants located in different countries. An input-output combination that is feasible at the assembly plant in Arlington may not be feasible at the GM assembly plant in Hokkaido, Japan or at the Silao assembly plant in Mexico. Such differences arise out of a variety of factors that include differences in regulation, labor laws and work culture, levels of human capital, and the physical environment. Hence, in location choice decisions a firm must often take account of differences in both the input prices and technologies.
In order to construct different production possibility sets and the corresponding input requirement sets for different locations, we first group the observed input-output bundles by the locations of the corresponding firms. Define the index set of observations and partition it into non-overlapping subsets 
Define the collection of input requirement sets
The revised DEA mixed integer programming problem is 
As in the case of homogeneous technology, in (17) can also be decomposed as
The first factor on the right hand side of (18) 
In this decomposition, the first factor is the technology choice component
The other factor is the input price efficiency 
( )( )( )
When technology is homogeneous across locations, equals unity and any location inefficiency comes from input price inefficiency. Only when the input price efficiency ( ) also equals unity, the local and the global measures of cost efficiency will coincide.
In the following section we provide two examples in order to illustrate how the proposed model can be used in empirical applications.
Empirical Applications Example 1. Homogeneous Technology Case and Location Choice in US Manufacturing
In this example we consider the cost-minimizing choice of production locations by a manufacturing firm in the US. For this, we conceptualize a 1-output, 5-input production technology and use data constructed from the US 2002 Economic CensusManufacturing. We assume that there is no difference in the technology across the states within the continental US. Given the fact that the market for manufactured goods is nationally integrated, we assume that the output price does not vary across states so that the value of output is a reasonable measure of the quantity produced. Input prices, however, do vary across states. We treat the average (i.e. per firm) input-output bundle as a data point from each state and the production possibility set is constructed as the free disposal convex hull of these points.
Output is measured by the gross value of production. The inputs included are (a) production labor (L 1 ), (b) non-production labor (L 2 ), (c) capital (K), (d) energy (E), and is constructed by deflating the expenditure on purchased fuels and electricity by state specific energy price (p E ) 4 . Total expenditure on materials parts and containers is used as measure of the materials input quantity (M). By implication, materials price (p M ) was set equal to unity for every state.
A firm with a target output level to produce is looking for the cost-minimizing location of its production plant(s) in one or several states within a particular region of the US. In order to minimize differences in transportation costs across locations, we restrict the firm's choice to four South Atlantic states (namely, Georgia (GA), North Carolina [ Table 1 about here] Table 1 reports the input prices for the five states under consideration for location.
The last column (C j * ) shows how much it would cost to produce the target output if the firm had to locate all of its production in any one of the five states under consideration.
At these different input prices, the lowest cost of production for the target output of $14.249m would be $8.320m if the firm located in Georgia. Decision to locate in any of the other four states would result in higher cost. Interestingly, the typical firm in GA actually incurs a cost of $9.503m (as shown in Table 2 ). Thus, it has a local cost efficiency of 0.8754.
[ Table 2 about here] Table 2 shows that when allowed to produce its target output in multiple locations over the five states considered, the firm would produce $7.8 m worth of the output in GA and the remaining $6.450m in SC. The corresponding costs would be $4.294m in GA and $3.628m in SC adding up to a total cost of $7.922m. Thus, if the firm decided to produce the entire output in GA alone, even if it was fully cost efficient at the local prices, its multi-location cost efficiency would be 95.2%. Because, technology is assumed to be homogeneous across locations, the 4.8% inefficiency is entirely price inefficiency. It is important to note here that the optimal input-output bundles of the firm at its plants in GA and SC are not the actual (or scaled) average bundles of the firms observed in theses two states. Even though it is producing in GA, availing itself of the input prices of GA, the optimal input mix at the GA plant would be different from what is actually observed for an existing plant in GA. At the optimal solution to this problem, any other state j. That is, the optimal bundle in its SC plant would be exactly the same as the actual average input-output bundle observed in NM. Overall, in an act of domestic outsourcing, the firm in GA would shift over 45% of its output from GA to SC.
Example 2. Heterogeneous Technology Case and International Choice of Location for Automobile Production in North America
In this example we consider a location decision across geographical regions where both input prices and the technologies differ. For this, we use a well known annual data set on the Auto Industries from the US and Canada for the years constructed by Fuss and Waverman (1992) . A limitation of this data set is that neither the US nor the Canadian data is a cross section data set. Instead, for each year we have only one observation on the output and input quantities per firm. This precludes construction of annual production possibility sets based on cross section data. Our analysis of necessity has to be based on the available time series data. At the same time, pooling data points from different years to construct the production possibility frontier would not be legitimate if there is technical change over time. We circumvent this problem by assuming that any technical change that has taken place over years is non-regressive so that input-output bundles observed in the past are deemed feasible in later periods, although input-output bundles observed in subsequent years may not be feasible. 5 In order to maximize the number of data points for construction of the non-parametric frontier, we analyze the data from the year 1984, which is the latest year for which data were available.
6
For the automobile production technology, we consider a single output (total automobile production) and three inputs (labor, capital, and materials). Our data is obtained from Table 4 .C.3 (for US) and Table 4 [ Table 3 about here]
In Table 3 , the row labeled as 'US actual' shows the actual inputs used and output produced in the year 1984. On the other hand, the row marked as 'US-optimal' shows the combined input bundle from both locations along with the total output produced. The other two rows 'in US' and 'in Canada' show optimal input bundles and output quantities at the US and Canadian locations of the firm. At the optimal solution of the problem, of the 2.14249 units of the output produced in the US in 1984, 20.5% would be produced in [ Table 4 about here]
We also looked at the multi-location cost minimization problem for Canadian automobile manufacturers for the same year. The results reported in Table 4 show that unlike in the case of US, for which the local cost efficiency was 100%, in case of Canada it is as low as 77.22%. That is, even in its present location, a Canadian firm could lower its production cost by 22.78% at the input prices it is actually paying. Attaining full cost efficiency would require that Canadian firms cut down labor by 25.89% and materials by 29.17%. It is interesting to note, however, that it would not be cost efficient for a Canadian firm to produce any part of its actual output in the US. Its global and local cost efficiency levels are identical.
Summary
The DEA model for global cost minimization provides a framework for optimal allocation of output targets across multiple locations that takes account of observed variation in input prices as well as in technologies across locations. This should be useful Fuss and Waverman (1992) .
